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ABSTRACf 
Measurements of the structure of a swirl-stabilized, reacting spray are presented. TIle configuration 

consisted of a research air-assist atomizer located in the center surrounded by a coflowing air stream. Both the air 
assist and coflow streams had swirl imparted to them in the same direction with 45 degree angle swirlers. The fuel 
and air entered the combustex- at ambient temperatme and the combustor was operated in an WlOOnfined environment 
The gas phase was seeded with aluminum oxide particles in order to obtain Velocity measurements. Velocity 
measmements for the gas phase are reported for both an isothermal. single-phase case without drops and a reacting 
spray case at axial distances from 2.5 to 350 mm downstream of the nozzle. Both mean and fluctuating values are 
reported. Heptane fuel was used for all the experiements. Drop size and velocity, and drop number flux are also 
reported for five axial distances downstream. Both mean and fluctuating values are reported for the drops. The 
measurements were performed using a two-component phaselDoppler particle analyzer. ProfIles across the entire 
flowfield where velocities were significant are presented. Mean gas phase temperatures were also measured 
intrusively using a single pt/pt-13%rh thermocouple and are reported at axial distances from 2.5 to 200 mm 
downstream of the nozzle. 

INTRODUCTION 
Combusting sprays are very important for a large number of propulsion applications. Important physical 

processes involved in combusting sprays are the intt7act:ions between the droplets and the gas phase, the vaporization 
of the droplets, and chemical reaction with associated heat release. These physical processes are all coupled and can 
only be completely described using numerical modeling. As part of an effort to improve the numerical modeling 
of spray combustion for gas turbine combustors, an experimental study has been performed to obtain a data set for 
a liquid-fueled combustor with simplified geometry that can be used for comparison with numerical models. 

Because of their numerous practical applications, swirling flows with combustion have been studied by a 
large number of investigatas. Earlier reviews of swirling flows both with and without combustion are presented by 
Chigier\ Syred and Beer:, and Lillyl. These papers predate the development of non-intrusive, laser-based 
diagnostics; consequently all of the results descnbed were obtained using instrusive instrumentation and detailed 
structure measurements for these types of flows were not possible. 

With the advent of newer instrumentation techniques. namely laser Doppler anemometry (LDA). velocity 
measurements could be obtained and additional details of the structure of these types of flows began to emerge. 
Laser Doppler anemometry velocity measurements in spray flames are reported by Styles and Chigi~ and Khalil 
and Whitelaw. They reveal some of the flowfield structure of swirling flames but <Irq> size and size correlated 
velocity measurements were not possible. 

The development of the phaseJDoppler particle analyzer, reported by Bachalo and H~, enabled the 
simultaneous measurement of droplet size and velocity. This instrument has been used by a number of investigators 
for measurements in spray flames in a variety of configurations. Mao, et al7 present pbase/Doppler measurements 
of Sauter Mean DiameteJ' (SMD), mean axial drop velocity, drop number density and liquid flux in a swirl-stabilized 
unconfined spray flame using an air-assist atomizer. No g~ phase results are reported and the measurements were 
taken from 10 to 75 mm downstream of the nozzle. McDonell and Samuelsen! present measurements taken using 
a two-component phase/Doppler system in a model can combustor under reacting and non-reacting conditions. The 
measurements were rep<X1ed from 50 to 100 mm downstream of the nozzle. Edwards, et al.9 report drop size, drop 
velocity, drop size distribution, and liquid volume flux in a swirl-stabilized, semi-confined flame at 10 to 100 mm 
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downstream of the nozzle. Gas phase velocities are reported at axial1ocations from 25 to 100 mm downstream using 
a combination of standard LDA with gas-phase seeding and phase/Doppler measurements for 2 micron drops where 
possible. No gas phase results are reported at 10 mm downstream. Edwards and Rudoffo report mean drop and gas­
phase velocity vect<x'S for the same configuration. The gas ~ measurements were obtained using a standard LDA 
system with seeding particles and were reported to be "biased" in regions where a substantial number of drops were 
present Ghaffarpour and Chehroudill present phase/Doppler measurements in a swirl-stabilized. confined combustor 
at axial locations from 15 to 100 nun downstream of the nozzle. Mean drop velocities and SMD are reported at six 
axial locations. Gas phase velocity was measured using LDA without drops <r combustion. Phase/Doppler 
measurements of drop size and velocity as well as gas-phase velocity in a swirl-stabilized combusting spray are 
reported by McDonell and Samuelsenl2

• The combustion air flow was seeded in order to make the gas phase 
measurements. Measurements are reported at axial distances of 50, 75, and 100 mm downstream of the nozzle. 
Hassa, et aI.13 presents phase/Doppler measurements in a cylindrical combustor using an air-assist atomizer at axial 
distances from 7 to 97 mm downstream of the nozzle. Both drop and gas phase velocities are reported. Gas phase 
measurements in the reacting flowfield were made using the smaller drops as tracing particles. This required some 
judgement in oo1er to detennine what size drops should be ~ to represent the gas phase and also required the use 
of larger drops to represent the gas phase at larger axial distances due to an absence of smaller drops. Tempernture 
measurements were also provided. 

Measurements of drop size are also available using other techniques. Presser, et aI.l • reported drop SMD 
measurements in a swirl-stabilized confined flame from 10 to 76 mm downstream of the nozzle using an ensemble 
light scattering technique. Mean drop velocity measurements were obtained using standard LDA. Gas phase 
measurements are reported only f<r the combustion air WIder isothermal conditions without the presence of the drops. 
A comparison of drop sizes measured using three techniques is reported by Zurlo, et aI.IS

• Measurements were 
obtained using the ensemble scattering/poIarization ratio, phase/Doppler and light intensity deconvolution techniques. 
Drop mean size and number density measurements were not the same due to the selective sensitivity of each 
technique to a different size range. 

These measurements in swirl-stabilized spray flames have been very useful in providing detailed infoonation 
regarding the structure of these flowfields. Some of the data from them are also useful fa the development of 
computer models. Most. however, do not JXOvide enough detailed information for both the liquid and gas-phases 
f<r the development of models, especially for initial conditions close to the nozzle. Hassa et aI.1S provides the nearest 
measurements at 7 mm from the nozzle. 

EXPERIMENT 
Apparatus 

The vresent study is an attempt to provide a set of measurements that can be used in order to gain a better 
understanding of the physics f<r combustor type flowfields. The combustor utilized in the present experiment is 
illustrated in figure 1. It consists of a center mounted air-assist fuel nozzle, Parker Hannifin research simplex air­
assist atomizer, surrounded by a coflowing air stream. The nozzle 00fice diameter was 4.8 mm. Both the air assist 
and the coflow air streams had swirl imparted to them using 45 degree swirlers. The swirlers were constructed by 
machining 45 degree slots into rings. Both streams were swirled in the same direction for the }resent study. The 
combustion air was not preheated and entered the combustor at 297 ± 3 Ie. The top of the air-~ nozzle was 
water cooled to prevent overl1eating of an o-ring in the nozzle assembly and keep the atomizing air and liquid fuel 
at a constant inlet temperature of 297 ± 3 Ie. The temperatures of the fuel, atomizing air and coflow air streams 
were measured using Cbromal Almnel thermocouples. Flow rates of the air streams were measured using calibrated 
orifices and the fuel flow rate was measured using a ~ flowmeter. A single set of operating conditions was 
chosen where the combustor operated in a stable mode, soot was relatively minor, and measurements could be taken 
near the injector itself. All results reported in the present study were taken at a coflow air flow rate of 13.88 gis, 
an air-assist flow rate of 0.96 gis, and a fuel flow rate of 0.38 gls. Uncertainty in these flow rates is estimated at 
± 5 percent. The fuel used was heptane. The coflow stream entered the combustor in three radial locations, passed 
through a honeycomb flow straightener, and then the swirler before exiting the combusta'. The swider was located 
140 mm upstream of the combustor exit in ooler to minimize wakes from the swirler. The flow from the combustor 
discharged upwards into ambient, stagnant smroundings. A photograph of the combustor in operation is shown in 
fig. 2. A laser light sheet with a thickness of approximately 1 mm was passed through the center of the flowfield 
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and used to illuminate the droplet stream. The photogIaph was taken at 90 degrees relative to the laser light sheet 
It is evident that a few very large drops are able to penetrate the combustion zone with a relatively straight trajectory. 

The combustor was mounted verticall~ within a large (1.8 m square by 2.4 m high) enclosure. The entire 
enclosure was mounted on two sets of linear bearings and was traversed using stepper motors to provide motion in 
two directions. The combustor assembly itself could be traversed in the vertical direction using a third stepper motor 
to allow measurements at all locations in the flowfield. This arrangement allowed rigid mounting of all optical 
components. 

Instrumentation 
A phaseIDoppler particle analyzer was used for all velocity and size measurements. A two-component 

system using green (514.5 run) and blue (488.0 run) beams from an argon-ion laser operating at 1.5 watts power 
output was used for the measurements. The transmitting optics utilized a 500 rom focal length lens combined with 
a 300 mm fl collimating lens to yield a focused beam waist of 131 microns for the green and 124 microns for the 
blue lines. The receiving optics were located 30 degrees off axis in the forward-scatter direction. Light was 
collected using a 500 rom focal-length f 5.4 lens and then focused onto a 100 micron by 1 mm long slit Details 
of the instrument can be found in ref. 6. 

In the present study, velocities of both the liquid and gaseous phases were measured. This was 
accomplished by seeding the gas phase with nominall micron size aluminum-<>xide particles. The coflow, air-assist 
flow. and the ambient surroundings were all seeded to minimize biasing due to concentration gradients. Phase 
discrimination is inherent in the instrument with the ability to size each measured particle. At each spatial location, 
two measurements were taken in order to measure the velocity of each phase. . A threshold voltage f<r the 
photodetectas at the specified laser power was detennined experimentally, below which signals from the aluminum­
oxide particles were not detected. For the droplet measurements, the photodetector voltage was kept below this 
threshold value in order to eliminate interference from the aluminum-<>xide particles. Particles with diameters smaller 
than 2.4 microns were used to represent the gas phase velocity. Two complete traverses at each axial station were 
performed in order to measure all three COOlponents of velocity and provide a check on flow symmetry. Each 
traverse measured axial velocity and either radial or tangential velocity. Generally, 64000 measurement attempts 
were made at each measurement location. In regions where there were feW drops, data was taken f<r a minimum 
of 600 s. The percentage of validated measurements varied depending on the number density, size distribution, and 
velocities of drq>s at each location, but generally ranged from about 65 to 90 percent for the drop measurements. 
Validation with particle sizing for the gas phase measurements using the aluminum-<>xide seeding particles was much 
lower and generally averaged about 20 percent. Where drops were not present in the flowfield, the gas phase 
measurements of velocity were taken with sizing disabled. Tests at these locations showed essentially no difference 
in measured values with the sizing disabled compared to measurements taken with the sizing enabled. 

Gas phase mean tempexatures were measured using a single ptIpt-13%rh thermocouple traversed through 
the flowfield. The 16 em long tbennocouple bad a metal sheath 1.59 mm in diameter for rigidity. It was insulated 
with high-temperature alumina and bad an exposed junction with a bead diameter of 0.5 rom. Thermocouple voltages 
were sampled at a rate of 1250 Hz using a 12 bit analog to digital signal conversion board. The reference 
temperature was taken at the terminal strip where voltages were measured and updated with each measurement Each 
temperature measurement reported represents a time-averaged reading for 5 seconds. No attempt was made to shield 
the junction from drop impingement since the flowfield was noticeably disturbed when the tbetmocouple was 
introduced directly into the spray region. This is reflected in the results where immt7sion in the spray produced very 
low temperatures. At locations outside of the spray region, the presence of the thermocouple did not have a noticable 
effect on the flame. 

UNCERTAINTY ANALYSIS 
Uncertainty in position measurements is estimated to be ± 0.2 mm for both radial and axial measurements. 

Uncertainty in velocity and temperature measurements was estimated by measurement repetition at a nwnber of 
points in the flowfield. Drop size uncertainty in an isothermal momodisperse drop stream is estimated at ± 6.5 
percent based on calibration and probably is larger in an evaporating spray containing a size distribution. For drop 
velocities, uncertainty is estimated at ± 10 percent for mean values and ± 6 pezcent for fluctuating values. Since the 
gas phase measurements require sizing of a very small particle where drq>s are present, the uncertainty is larger than 
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the drop velocity and is estimated at ± 18 percent for mean velocities and ± 12 ptteent for fluctuating velocities. 
Uncerlainty in gas~phase shear stress values are larger and are estimated at ± 40 percent Uncerlainty in gas phase 
mean velocity where mean velocities are very small and turbulence is present are larger and are estimated to be ± 
50 percent. 1bese conditions are found near the centerline for radial and tangential velocities and in the entrainment 
region at the outer edge of the flowfleld for all three velocity components. Uncertainties in uncorrected temperature 
measurements are estimated to be ± 10 percent Drop nwnber flux measurement is the most difficult measmement 
to make because it requires a accurate measurement of drop size, velocity, and probe volume size. This is 
complicated by the fact that the laser beam power distribution is gaussian and probe volume size is a function of 
drop size. In addition, in dense regions of the spray, more than one drop can be present in the probe volume at one 
time causing rejection of the signal which leads to underestimation of the volwne flux of the liquid phase. In the 
present set of measurements, integrating the liquid flux measurements across the flowfield gave 21.3% of the metered 
flowrate at 2.5, 21.6 % at 5, 38.2% at 10, 18.4% at 20, and 2.1% at 50 mrn downstream of the nozzle. Since the 
largest volume flux should be measured at 2.5 rnrn downstream, the measurements reported for drop number flux 
at 2.5 and 5 mm downstream are certainly lower than they should be due to the high number densities at these axial 
locations. 

RESULTS AND DISCUSSION 
Gas Phase 

Results are presented for axial locations of 2.5, 5 , 10, 20,50, 100,200 and 350 mm downstream of the 
nozzle. Gas phase mean axial velocities are presented in figure 3 for isothecmal, single~phase flow without drops 
and two-phase flow with combustion at these eight axial locations downstream of the nozzle. The symmetry of the 
flowfield is readily apparent The two 45 degree angle swirlers induce a central recirculation zone along the axis 
of the flowfield. At 2.5 mm downstream, the reacting two-phase flow and the isothermal single-phase flow show 
similar results for mean axial velocity. At this axial location, the maximum mean axial velocity for the reacting case 
is slightly larger and its radial location is shifted slightly outward compared to the isothecmal case. The recirculation 
zone extends upstream of the first measurement station. This is illustrated by the data at 2.5 nun downstream. where 
there is a small region in the center where negative velocities are present. Centerline measurements were attempted 
at locatioos closer to the nozzle and indicated that the negative velocities at the centerline persist until approximately 
1 rom from the nozzle. The two peaks in axial velocity are due to the assist-air stream issuing from the center 
orifice of the nozzle and the coflow stream. The very low axial velocities at tadii between 10 and 20 mm are caused 
by the tql of the nozzle between the central orifice and the coflow air stream. At 5 mm downstream there are larger 
differences in axial velocity between the ~ting and single-phase cases. The maximum axial velocity and radial 
location of the peak velocity have increased fC6 the ~ting case due to gas expansion caused by the heat release. 
Beyond a radius of about 15 mm, no differences are apparent between the reacting and single-phase cases. The 
negative velocities in the recirculation zone have inaeased for the reacting case and decreased for the single-phase 
case compared to the results obtained at 2.5 rnrn downstream. Similar trends are illustrated at 10 and 20 mm 
downstream of the nozzle. At 20 mrn downstream, the maximum axial velocity in the flowfleld originating from 
the coflow stream is larger than that from the air-assist stream for the singl~pbase case. This is reversed for the 
~ting case. At 50 DUD downstream, the air-assist and coflow streams have merged and only one axial Velocity 
peak is evident. FO£ the reacting case, the maximum velocity increases, and the radial location of the maximum 
velocity decreases compared to the single-phase case. Similar results are found at distances of 100,200 and 350 
mm downstream of the nozzle. At 200 DUD downstream the reacting case bas a positive axial Velocity at the center 
indicating the recirculation zone bas closed but effects of the recirculatioo zone still cause a decrease in axial velocity 
near the center. The singl~pbase case still has a slight negative axial centerline velocity at this axial location. At 
350 DUD downstream, littIe depression of the axial Velocity at the centerline is found for the reacting case. At 350 
mm downstream, traversing limitations prevented measurements from being taken at large radial distances where the 
axial velocity decays to nearly zero. 

Mean radial velocities for the gas phase are presented in figure 4 for eight axial locations downstream of 
the nozzle. Even at the initial measurement location of 2.5 mm downstream, large differences are apparent in radial 
velocity between the reacting and single-phase cases. Maximum radial velocity has increased to about 45 m/s fC6 

the reacting case compared to 15 m/s for the single-phase case due to beat release and expansion of the gas. The 
increased recirculation zone strength for the ~ting case causes the gas to expand more rapidly in the radial 
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direction than the axial direction. TIle radiallocatioo for the maximum velocity has also increased for the reacting 
case compared to the single-phase case. Mean radial velocities at radii larger than about 15 mm are essentially 
identical for the single-pbase and reacting cases at 2.5 mm downstream. At 5, 10, and 20 mm downstream, peak 
mean radial velocities and radial locations for the peak velocity are cooside1'ably increased for the reacting case 
compared to the single-phase case. Negative radial velocities in the recirculation zone are also increased for the 
reacting case compared to the single-phase case. At axial distances of 50 nun and greater, peak positive radial 
velocities are similar for the two cases. At 100 mm downstream, a bimodal distribution of positive and negative 
radial velocities was observed at locations near the center, indicating some unsteadiness in the flowfield The abrupt 
shift from negative to positive mean radial velocity in the data at the centerline is caused by a change in the direction 
of frequency shift at the centerline. This unsteadiness is also evident in 1arge fluctuating radial velocities measured 
near the center at these axial locations. Some scatter in the data is also evident at 200 nun downstream. 

Mean tangential velocities for the gas phase are presented in fig. 5 for the same axial locations downstream 
of the nozzle. At axial distances of 2.5 to 10 nun downstream, peak tangential velocities from the air-assist stream 
are reduced for the reacting case compared to the single-phase case. Due to the expansion of the gas and the 
presence of the drops, a decrease is observed in the mean gas-phase angular velocity for the reacting case compared 
to the single-phase case. Similar to the results shown for the axial and radial velocities, the radial1ocatioo for the 
peak mean tangential velocity is also shifted outward for the reacting case. No differences are apparent between the 
reacting and single-phase cases for the outer mean tangential velocity peak from the coflow stream at axial distances 
of 10 mm and less. At axial distances of 20 mm and larger, the situation is reversed and the reacting case has larger 
mean tangential velocities compared to the single-phase case. Two distinct peaks are evident at axial distances of 
20 nun and less. The peak nearest the center is due to the swirler in the air-assist stream and the outer peak is 
caused by the swider in the coflow air stream. At axial distances of 50 nun and larger, the air-assist and coflow 
streams have merged to give a single tangential velocity peak. similar to the results shown for axial velocity. 

Fluctuating axial velocities for the gas phase are illustrated in fig. 6. The fluctuating velocities presented 
are IOOt-mean-squared values (rms). At 2.5 nun downstream, little difference in fluctuating axial velocity is evident 
between the reacting and single-phase cases indicating that the drops have little effect on the fluctuating axial Velocity 
at this location. The maximum fluctuating axial velocity is shifted slightly outward for the reacting case similar to 
the results previously shown foc mean axial velocity. At 5 and 10 nun downstream, the peak fluctuating axial 
velocities for the reacting and single-phase cases are again similar, and the location of the peak has also shifted 
slightly outwanI for the reacting case. At axial locations of 20 nun and farther downstream, the reacting case 
coosistently shows higher values of fluctuating axial velocity, however, mean axial velocities were also increased, 
see fig. 3. At axial Jocations of 100 nun and farther downstream, the largest values of fluctuating axial Velocity are 
found at the centerline. At these axial locatioos fluctuating velocities are not reported at large radii where velocities 
should decay to nearly zero due to traversing limitations. 

Figure 7 pesents fluctuating radiaI velocities for the gas-phase. Again, the values presented are rms values. 
In contrast to the results for mean radiaI velocity, peak values of fluctuating radial velocity are quite similar for the 
reacting and single-phase cases at 2.5 nun downstream. The radial1ocatioo of the maximum has shifted radially 
outward for the reacting case compared to the single-phase case. At 5 mm and larger distances downstream, 
maximum values of fluc:tnating radial velocity for the reacting case are larger than the single-phase case. At axial 
locati<>m of SO nun and farther downstream, peak values of fluctuating radiaI velocity for the reacting case are found 
on the centerline and are considerably larger than the single-phase case. This is caused by some unsteadiness in 
radial \'elocity near the center, as previously discussed. Foc the reacting case, fluctuating radial velocities are 
comparable to fluctuating axial velocities at 2.5 and 5 mm downstream. At distances of 10 to 50 mm downstream, 
fluctuating radial velocities are lower than fluctuating axial velocities for the combusting case. Similar to the 
previous results foc fluctuating axial \'eloclty, at axial disIances of 100 nun downstream and greater, measurements 
are not repOOed at radii large enough for measured values to approach zero. 

Fluctuating tangential rms \'elocities for the p phase are presented in fig. 8 foc the single-phase and 
reacting cases considered in the present study. Similar to the results previously illustrated for the mean tangential 
velocity, at axiallocatioos less than 20 mm from the nozzle, fluctuating tangential velocities for the gas phase are 
reduced for the reacting case compared to the single-phase case. At axial locations of 20 nun and farther 
downstream, fluctuating tangential velocities are larger for the reacting case except near the edges of the flowfield 
At axial locations of 50 mm and larger, the peak fluctuating tangential velocity is located at the centerline. 
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Fluctuating tangential velocities are less than fluctuating radial velocities at axial locations W mm and closer to the 
nozzle. At axial distances larger than 20 mm downstream, fluctuating tangential and radial velocities are similar. 
At very large downstream distances, 350 mm downstream, all three components of fluctuating velocity are similar. 

Measurements of the shear stress u'v' for the gas phase are presented in figure 9. Results are again 
presented at the eight axial locations for the reacting and single-phase cases. As discussed in the uncertainty 
analysis, there is more uncertainty in the shear stress measurements compared to those previously presented. Cubic 
spline fits to eacll data point are drawn in order assist in the interpretation of the data at locations up to 20 mm from 
the nozzle. At 2.5 mm downstream, the largest values of u'v' are found in the shear region between the air-assist 
stream and the recirculation zone where large velocity gradients exist The maximwn positive value is-shifted 
radially outward and is slightly higher for the reacting case compared to the single-phase case. This is also very 
evident at 5, 10 and W mm downstream. A negative value of u 'v' at a radius of about 10 mm at 2.5 mm 
downstream is evident for the reacting case that is not shown for the single-phase case. The reacting case has a 
sharp decrease in radial velocity at this radial location as shown in figure 4. At 50 mm downstream peak positive 
values are similar for the single phase and reacting cases but larger negative peaks are obsented for the latter case 
due to the larger negative radial velocities foc the reacting case. At larger downstream distances, measured values 
of u'v' ~ considernbly for both the reacting and singl~phase cases. The reacting case has slightly larger 
positive and negative values of u'v' than the singl~phase case. 

Measurements of the shear stress u'w' for the gas phase are presented in figure 10 to complete the set of 
gas phase measurements. At 2.5 and 5 mm downstream, the single-phase case has larger positive values of u ' w' 
compared to the reacting case. At these axial locations, mean tangential velocities were also reduced for the reacting 
case as previously illustrated in fig. 5. Similar to the results for u'v', a negative peak of u'w' is evident for the 
reacting case but not foc the singl~phase case. At 10 and W mm downstream, the measurements show dramatic 
differences between the two cases. The single-phase case has positive u'w'peaks while the reacting case is generally 
negative. For the reacting case, at 10 to W mm downstream, the larger peak in mean tangential velocity shifts to 
the peak found at a larger radius and the tangential velocities fa- the reacting case are now larger than those from 
the singl~ phase case. At 50 mm downstream, the shear stress u 'w' for the reacting case now has a positive peak, 
although it is relatively small. At larger downstream distances, u' w ' decays considerably and measured values are 
quite small at 350 mm downstream for both cases. 

Liquid Phase 
Mean axial Velocity for the drops is illustrated in fig. 11. Results are presented at downstream locations 

of 2.5, 5, 10, 20, and 50 DUD downstream of the nozzle. At the next measurement position of 100 mm, not enough 
drops were present to have confidence in the velocity measurements. Results are illustrated for drop diameters of 
6.9, 15.4, 23.8,40.8, 66.2, and 97.2 miaons. Each drop diameter has a size range of 2.8 microns. Velocity 
measurements for a particular size are not presented at locations where not enough valid measurements were 
obtained. This is particularly true for the larger cIrqJ sizes. Gas phase measurements for the combusting case are 
illustrated by a solid line representing a spline fit between the measured data points. At axial Iocatioos of 2.5 and 
5 mm downstream. it is evident that the smaller drops follow the gas phase velocity more closely than larger drops. 
In the recirculation zone, even the 6.9 micron drops lag the gas phase by a considel3ble amount. This was also 
observed by Hassa, et aLl3 At 2.S mm downstream, the drops are only found in a nanuw region of the flow. A 
relatively large velocity difference between various droP sizes is also apparent. This is especially evident at 5 mm 
downstream, where the peak axial velocity of the 66 micron drops is about 20 m/s lower than the velocity of the 6.9 
micron drops. In the recirculation zone at 5 mm downstteam, only drops with diameters of 23.8 microns and smaller 
have negative axial velocities. The larger drops have enougb momentum to retain positive values of axial velocity 
in the reciIt:ulation zooe at this axial1ocation. At 10 DUD downstream, the axial velocity is changing very rapidly 
as the air-assist stream containing the drops encounters the negative velocities in the recirculation zone. The result 
is that the peak mean axial velocity for the 40.8 micron drops is similar to the gas phase. The peak velocities of 
the 6.9 and 15.4 micron drops are nearly identical as the drop velocities adjust to the rapidly changing gas phase 
flowfield. At W mm downstream, the radial1ocation of the peak velocities of the drops coincides with the edge of 
the recirculation zone. The drop velocities continue to adjust to this rapidly changing gas phase. This is illustrated 
by the more rapid decrease in the velocity of the 6.9 micron drops compared to larger drops. The adjustment in drop 
velocity is complete by 50 mm downstream where it is evident that the smallest drops again show the least amount 



of slip with the gas phase. At 50 mm downstream, the drops have larger velocities than the gas phase and the larger 
drops generally have higbel' velocities, except for the 662 micron drops. At axial distances of 10 mm downstream 
and larger, essentially no drops are found in the central regions of the flowfield. Due to the evaporation of the drops, 
very few larger drops are found at 50 mm downstream of the nozzle. 

Measurements of mean radial velocity for the drops are presented in fig. 12 for the six drop diameters at 
the same five axial distances downstream of the nozzle. Again. the gas-phase measurements are indicated by a solid 
line. Results for mean radial velocity are very similar to those previously observed for axial velocity. At axial 
distances of 2.5 and 5 mm downstream, the size..velocity correlation is very ordered with the 6.9 micron drops 
tracking the gas-phase flowfield more closely than the larger drops. At the outer edge of the fiowfield, the gas-phase 
radial velocity decays quite rapidly resulting in relatively large slip velocities between the drops and the gas phase, 
even for the 6.9 micron drops. At 5 mm downstream, only the smaller drops are carried into the recirculation zone, 
illustrated by their negative radial velocities. At 10 and 20 mm downstream, as previously discussed for axial 
velocity, the gas phase mean radial velocity is also changing very rapidly as the air-assist stream is strongly 
influenced by the central recirculation zone. The momentum of the evaporating drops present at these axial locations 
cause their velocities to be significantly different than the gas phase. At 50 mm downstream, the drop velocities 
have adjusted to the gas phase flowfield and the smaller drops again show the least amount of slip with the gas 
phase. Similar to the results previously shown for axial velocity, the larger drops have significantly larger velocities 
than the gas phase at this distance downstream. 

Mean tangential velocity measurements for the drops are presented in fig. 13 for the same six drop sizes 
and axial locations as the previous two figures. It is apparent that the tangential velocities are considerably lower 
and not as symmetric as previously observed for axial or radial velocities. At all axial locations, the size-velocity 
correlation is very uniform for mean tangential velocity. The larger drops have lower mean tangential velocities than 
smaller drops. The gas-phase tangential velocity does not undergo the very rapid changes observed for the radial 
and axial velocities and the drops are able to adjust to the changes. Again, very few large drops are found at the 
SO nun downstream location due to the evaporation of the drops. 

Fluctuating axial velocity measurements for the drops are presented in fig. 14. At axial locations of 2.5 and 
5 mm downstream, the fluctuating axial velocity is correlated with drop size. The smaller drops have larger 
fluctuating velocities than larger drops and the drop velocity fluctuations are lower than those found in the gas phase. 
Similar to the results illustrated for mean axial velocity, at downstream distances of 10 and 20 nun, the gas-phase 
environment that the drops encounter is changing so rapidly that the drop velocity fluctuations lag the development 
of the flowfield. At 20 mm downstream, the 6.9 micrm drops generally have lower fluctuating axial velocities than 
the 15.4 and 23.8 micron drops, but higher fluctuating velocities than the 662 and the 40.8 micron drops. The drq1 
fluctuating velocities are also lower than the gas phase, except at locations in the central recirculatioo zone. At 50 
nun downstream, the 6.9 micron drops have fluctuating velocities similar to the gas phase. Similar to the results 
illustrated for mean axial velocity, the larger drops tend to have larger fluctuating axial velocities at 50 DUD 

downstream except for the 662 micron drops. There are also considerably fewer larger drops at this axial location 
due to evaporation; consequently, the results are based on fewer validated measmements which would increase the 
uncertainty in the measurements. 

Fig. IS presents measurements of fluctuating radial velocity for the drops. Results are similar to those 
previously shown for fluctuating axial velocity. At 2.5, 5 and 10 nun downstream, the smaller drops tend to have 
larger fluctuating velocities and all fluctuating drop velocities are smaller than the gas phase. As previously 
discussed, between 10 and 20 nun downstream, the gas phase radial velocity changes so rapidly that drop Velocity 
development lags considerably. By the time the drops travel to 50 nun downstream, the drops generally have larger 
fluctuating radial velocities than the gas phase, however, they also have larger mean radial velocities. see fig. 12. 

Fluctuating tangential velocities for the drops are presented in fig. 16. As previously illustrated for mean 
tangential velocities, fluctuating tangential drop velocities are correlated with drop size at all axial locations. 
Fluctuating tangential velocity inaeases with deaeasing drop size and all fluctuating drop velocities are lower than 
the gas phase. At 10 and 20 mm downstream, where the gas phase flowfield is changing rapidly, the difference in 
fluctuating tangential velocity between the drops and the gas phase is larger than at odler axial locations. Relatively 
large differences are apparent, even for the 6.9 micron drops. At an axial distance of SO mm downstream, the 6.9 
micron drops have fluctuating velocities about equal to the gas phase and fluctuating velocities of larger drops ·are 
lower. 
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To complete the drop measurements, drop number fluxes for the six drop sizes are presented in fig. 17. 
The results are provided as the number of drops/cm2 s and are plotted on a log scale. The instrument divides the 
drop size distribution into 50 size bins. These 50 bins were combined into 10 sizes in order to make the data set 
manageable. In this figure, six of the 10 combined drop size bins are presented. The diameters presented represent 
mean values of size bins with a width of 8.5 microns for the 6.9,15.4,23.8 and 40.8 micron drops, a width of 14.2 
microns for the 66.2 micron drops. and a width of 19.2 microns fa the 97.2 miaoo drops. To adequately account 
for all the measured drops, the number fluxes for the remaining four sizes would also be required. The nozzle used 
in the present study produced a very large number of relatively small drops. evident in the results at 2.5 mm 
downstream. Number flux increases with decreasing drop size, reaching a maximum at a radius of about 6 mm at 
2.5 mm downstream. The maximum number fluxes show a variation of four orders of magnitude betweem the large 
and small drop sizes. Drop number fluxes decrease slightly between 2.5, 5 and 10 mm downstream. As previously 
discussed. integrated volume fluxes increased between 2.5 and 10 mm downstream even though actual number flux 
values decrease. because the drops are found at larger radii. Between 10 and 20 mm downstream. number fluxes 
substantially decrease as does the integrated volume flux. At 50 mm downstream, most of the drops have evaporated 
and the remaining drops are smaller. Very few drops are found in the center at 2.5 mm downstream and by 10 mm 
downstream of the nozzle. essentially no drops are found in the central recirculation zone. There is a slight 
asymmetry evident in the number fluxes at 5 and 50 mm downstream. The positive values of radius have slightly 
reduced number fluxes compared to the negative side. Integrated liquid volume fluxes generally were also larger 
for the negative side. 

Temperature 
Gas phase average temperatures are presented in fig. 18. Radial profiles are presented for axial locations 

from 2.5 to 200 mm downstream of the nozzle. Results are presented illustrating both the temperature measurements 
as taken and the measurement corrected for radiation heat loss from the thermocouple. The radiation correction was 
performed similar to Shuen et al.J6

• COnsidering only radiation beat loss to ambient smroundings and neglecting any 
radiation heat transfer from the soot present in the flame. The temperature corrections varied with temperature level 
up to a maximum of about 150 K. At 2.5 mm downstream. gas-phase temperature is substantially elevated over the 
inlet temperature and bas a maximum corrected tempern.ture of about 1650 K. The dramatic reductions in 
temperature for 2.5 mm downstream at a radius of about 5 mm are caused by droplet impingement on the 
thermocouple bead; therefore. these measurements are not realistic gas phase temperatures. No attempt was made 
to shield the thermocouple from the drops because the presence of the even the small thermocouple bead in the spray 
caused visible distortion in the flowfield. A non-intrusive technique is required for accurate gas phase temperature 
measurements in regions where substantial numbers of drops are present. At 5 mm downstream, maximum 
temperatures have increased to about 1840 K. The sharp reductions in temperature due to droplet impingement are 
still present and are found at a radius of about 9 mm. At 10 mm downstream. the maximum corrected temperature 
is about 1825 K and the width of the higher temperature region is larger. Drop impingement is still evident at a 
radius of about 15 mm. At 20 mm downstream, the drop number density bas substantially decreased. see fig. 17, 
and this is reflected in smaller temperature reductions due to drop impingement at a radius of about 21 mm. Similar 
trends are evident at axiallocatioos farthel' downstream. At 100 and 200 mm downstream. very few drops remained 
and no drop impingement on the thermocouple bead was awareol Some asymmetry is evident in the temperature 
profiles, with the negative radius having a higher temperature than the positive. This side bad generally higher 
measurements of volume flux indicating an increase in fuel-air ratio for the negative side compared to the positive. 

CONa.USIONS 
Gas phase axial velocity is increased for the canbusting spray case compared to the single-phase isothermal 

case due to the gas expansion caused by the heat release. The strength of the recirculatioo zone is also increased 
for the reacting case and the overall length of the recirculatioo zone is shorter compared to the single-phase case. 
At axial distances up to 20 mm downstream of the nozzle. gas phase mean radial velocities are substantially 
increased for the reacting spray compared to the single-pha<;e case. Gas phase tangential velocities are reduced for 
the reacting spray case compared to the single-phase case due to the presence of the drops and the gas expansion 
due to heat re~. At 2.5 mm downstream, negative axial velocities were measured for a small region at the center 
of the flowfield for both the reacting and single-phase cases. 
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Mean axial and radial velocities for the drops lag the gas phase velocities at axial distances of 2.5 and 5 
mm downstream. At these axial distances downstream, the slip velocity increases with increasing drop size. At 10 
and 20 mm downstream, the drop axial and radial velocities are adjusting to the rapidly changing gas-phase flowfield 
and the velocity correlation with drop size is not as uniform as observed at smaller distances downstream. At 50 
mm downstream, mean drop axial and radial velocities are larger than the gas phase. 

Mean tangential velocities for the drops lag the gas phase at all axial locations downstream of the nozzle. 
The size velocity correlation is very apparent with the smaller drops showing the least amount of slip with the gas 
phase. At 20 rom downstream. the largest velocity difference between the gas phase and the drops is observed. 

Drop number fluxes at 2.5 rom downstream illustrate the drop size distribution produced by the research 
air-assist atomizel' used in the present study. Number fluxes were directly related to drop size with smaller sizes 
having larger numbers of drops. Drop number fluxes decreased slightly between 2.5 and 5 mm downstream and then 
steadily decreased. At 50 mm downstream drop number fluxes are considerably reduced as well as the number of 
larger drops. 

Mean gas phase temperatures show elevated temperatures at the first axial measmement location of 2.5 rom 
downstream of the nozzle due to a small region with negative axial velocities. Maximum gas phase temperatmes 
were observed at 5 mm downstream of the nozzle and then decreased as axial distance increased. Drop impingement 
on the thermocouple bead produced very low temper.ltmes in regions where the number of drops were substantial. 
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Figure 11.- Drop mean axial velocity profiles. 

23 

~ __ .. J 



24 2.5 mm Downstream 

50 

'" E 40 
;; .g 30 
Gi 
>20 
(ij 0 

~ 10 A 

a: 0 
c 

0 CO 
CD 
~ 

-10 

-2915 -10 -5 0 5 
Radius,mm 

10 15 

10 mm Downstream 

40 

-1915 -20 -15 -10 -50 5 10 15 20 25 
Radius,mm 

50 mm Downstream 

10 

40 
.!!? 
E 
;; 30 
·S 
~2O 
(ij 
'U 
CO 10 a: 
c 
CO 

~ 

-191 - 5 

25 

~2O 
;; 
-g 15 

~ 
(ij 10 
~ 
a: 5 
c co 
CD 
~ 0 

5 mm Downstream 

0 
0 v 

A 
a 

-10 -5 0 5 
Radius, mm 

10 15 

20 mm Downstream 

-2w -30 -20 -toO 10 20 30 40 
Radius,mm 

Drop Size, microns 

[J 6.9 

A 15.4 

v 23.8 

<> 40.8 
o 66_2 

~ 97.2 

gas phase 

Figure 12.- Drop mean radial velocity profiles. 



I . 

25 
-!!: 
~20 
~ 

~ 15 
> 
~ 10 e 
G) 

~ 
III 
l-
e 
III 0 G) 

~ 

-~5 

10 

-10 

2_5 mm Downstream 
y .. -

-5 0 5 
Radius,mm 

10 mm Downstream 
y-

10 15 

-25 -20 -15 -10 -5 0 5 10 15 20 25 
Radius.mm 

so mm Downstream 

5 
r-

~ 
b 4 
-g 
~ 
Cii 
~ 

j 1 Oio 

a 
G) 0 
~ 

-1-J5 -so -25 0 25 
Radius.mm 

so 75 

15 

--_ .- - - --- _ .. 

5 mm Downstream 
y-

-~5 -10 -5 0 5 
Radius.mm 

20 mm Downstream 
y-

10 15 

-~o -30 -20 -10 0 10 20 30 40 
Radius.mm 

Drop Size, microns 

0 6_9 
.l:J. 15.4 
v 23.8 

<> 40.8 
o 66.2 

t> 972 

gas phase 

25 

Figure 13.- Drop mean tangential velocity profiles_ 

I 
---------~ 



~--- -----

26 

----,- ---- -----

2.5 mm Downstream 

20 
(I) 

E 
.~15 
0 

Q) 

> 
~ 10 
~ 
r? 

-z:; 
5 ca 

~ 
:> 

u:: 
·10 -5 0 5 

Radius,mm 
10 15 

10 mm Downstream 

9i5 -20 -15 -10 -50 5 10 15 20 2S 
Radius,mm 

50 mm Downstream 

4 

~ 
2!-3 
"S 
Gi 
> 
Cii 2 
~ 
r? 
"" cal 
~ 
:> 
Ir 

Qj5 -so ·25 0 2S 50 75 
Radius.mm 

15 
en 

E 
b 

~10 
> 
Cii 

~ 
~5 
ca 
~ 
J 
u:: 

915 

10 

-- -- ..... - -- -----

5 mm Downstream 

D 

-10 -5 
Radius, mm 

5 10 15 

20 mm Downstream 

-30 -20 -to _0 10 20 30 40 
Radius.mm 

Drop Size, microns 

Cl 6_9 

A 15.4 

v 23.8 
<> 40.8 
o 66.2 

t> 972 

gas phase 

Figure 14.- Fluctuating drop axial velocity profiles. 

- , 
I 

I 



,-~ 

2.5 mm Downstream 

15 
(I) 

E 
;; '" ·8 

a 
Q) 10 
> va 

a 
(d 
'6 

0 

~ 
a: 
g'5 
7ii 
ti 
;:, 
Ii: 

915 -10 -5 0 5 
Radius.mm 

10 15 

10 mm Downstream 

Sis -20 -15 -10 -5 0 5 10 15 20 25 
Radius.mm 

so mm Downstream 

4 

~ oX~ 

13 

~ 
ca 
'i 2 
a: 
F 
l;1 g 
Ii: 

915 -so -25 0 25 
Radius.nvn 

so 75 

20 

~ 
'~15 
Q) 
> 
~10 
ttl 
a: 
g 
7ii 5 
ti 
;:, 
Ii: 

915 -10 

<> 
D <> 

5 mm Downstream 

20 mm Downstream 

10 

v 
v 

15 

-30 -20 -toO 10 20 30 40 
Radius.mm 

Drop Size, microns 

c 6.9 
~ 15.4 

v 23.8 

¢ 40.8 

0662 
~ 972 

gas phase 

Figure 15.- Fluctuating drop radial velocity profiles. 

27 



28 

~ 10 

;!. 
·0 
0 

CD 
> 
ai = c 
CD 

~ as 
~ 

~ 
iii 
:3 
13 
:3 
u:: 

915 

~ 8 

fs 
;! 
CiI = i 4 

-10 

~ 0 
~ .. 

2.5 mm Downstream ,ta_ 

-5 0 5 
Radius, mm 

10 mm Downstream ,-

2'2 ao~6 
~ .6 ~ 
~ ~ o~ 
:3 I> 

u:: 9J5 -20 -15 -10 -5 0 5 10 
Radius.mm 

50 mm Downstream 

~ 3 
,-

$ 
"S 
Gi 
> 
c;.; 
= i 

! 1 
2' • :> 

0 as 0 

~ 
:3 u: 975 -25 0 25 

Radius.mm 

~ 6 
E 
$ 
"8 
CD 
> 
c;.; ..., 
c 
CD 

~ as 
~ 2 
~ = as 
~ 
:3 

u:: 
915 10 15 

15 20 25 

50 75 

-10 

5 mm Downstream ,-

0 

-5 0 5 
Radius.mm 

20 mm Downstream ,-

Drop Size, microns 

0 6.9 
ll. 15.4 

v 23.8 

<> 40.8 
o 66.2 
t> 972 

~ 

10 

gas phase 

Figure 16.- Fluctuating drop tangential velocity profiles. 

15 



.., 107 

~ 1et 

*' X .10' 
::s 
Ii: let 
~ 

~ 10' 
§ 

1ef Z 
0. 

~ 
10' 

1~ 

2.5 mm Downstream 

10 mm Downstream 

81. iliB 
a V''1 

l'fIttvB A & 
i v OOV 9;G> 

0002 ~~ '12 
v 0 

4l>"CCO v Ii 00 I>°v 
I> eQ. 0 0 

v ~ 0 I> I> 0 v 0 0 e 0 A I> 0 
A ,,0 1>0 2 I> f vOo Ov A 0 

ja 0 

° "I> 01> 0 0 
0 • 

-20 -10
Radl

0 10 30 
us,nvn 

50 nun Downstream 

>( 

&: 10
4 

~ 

~ 10' 

§ 10Z z 
0. 10' e 

5 mm Downstream 

o 

o 1 0~1'~5~-_-t:1 0::-----l-5=---O:O!:--S'!:-"-:1:"::0:-"'-:J1S 
Radius, mm 

.., Hf 

~ 10' 
'#: 

>< 1~ ::s 
tJ: 

10' ~ 

i 10Z 
Z 
0. 10' 
0 
~ 

0 
1~ 

20 mm Downstream 

oi 
a O 

a v: OVVB 
A'1 

0 0 Vi 
av 006 

fooOovg v 0 00 
II <> 0 ° 0 v 
v 0 0 0". ° e 

o . I> 9 o 0: 
o • I> 81> 0 0 • 0 

0 " 
0 e 

I> 
I> 

I> • 

-30 -20 -~O 10 us, nvn 

Drop Size"microns 

[] 6.9 
A 15.4 

V 23.8 
¢ 40.8 
o 66.2 
t> 972 

• 0 
I> 0 0 

• 
0 

I> 

20 30 40 

Figure 17.- Drop number-flux profiles. 

29 



---, 

I 
30 2_5 mm Downstream 5 mm Downstream 

1700 o 0 
1900 I 

" .... ""'- <9 " .... """"'*" 
1500 0" "2 o~ 1700 00\ O~ 

d'Q o~ 0 

I 
0 

1500 <:1>" 'b 
!>:::1300 d' " " 2 ~ " 224 
~1100 2 

Q 
(1)1300 2 Q 

I 
s;? ~1100 .a 

a" a III I« 1\1 
~ 8. 900 G 0 8. 900 0 

fI 0 fI E E 0 

~700 0 c CI) 0 
0 0 1-700 0 0 0 

500 0 0 500 0 0 
0 0 

~ -30 -20 ~O 10 20 3 50 ~ -30-~0 0 10 20 60 
Ius.mm dius, mm 

10 mm Downstream 20 mm Downstream 

1900 1900 
0f0~ 4 Note:....-

A 
4 _c.-c..d 

1700 Qfl'A! 4~ <D 
O~ 1700 0"-

.:.. 4 ~ 1500 1500 A 0 A 
.:.. ~ :.:: 2 Q2 A 0 ~ 

:1300 .:.. CD1300 1) Ci. 

t= 
till ~100 ttl 

ttl I« 0. 
& 8. 900 

A> 

E 
0 CD 

~ ~700 0 1-700 ~ 

500 0 500 0 ~ 
0 

309ai) 4:wr.0 20 60 3~ -60 -40 -~O 20 40 60 80 
IUS,mm us,mm 

35 mm Downstream 50 mm Downstream 

1SK)() 1900 

1700 ~a=-- ~.--1700 o c:.-

1500 1500 

i 2 
~ ~ 

f= 
Q 2 !!1300 

I« ~100 
It e 

fI 8. 900 
e It 

i 0 1-700 0 0 I- 700 0 

500 0 • \ 0 500 

" ~ -60 -40 -~O 20 40 60 80 3~ -60 -40 -~o 20 40 60 80 
US,mm us, nvn 

100 mm Downstream 200 mm Downstream 

1700 1300 
9:P A_~ 

A __ 

1500 ~~ O~ 0_ 

2 ~ 
1100 ~ 

~1300 ~ till 
fil 

{1100 
J Q !SK)() 

till fil 

1700 

It 

!900 
0 

0 19 0 

~700 
19 

0 19 
I- 00 

0 500 
00 500 

~ 
90 120 

Figure 18.- Gas phase temperature profiles. 
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